for 138 participants using HumanOmni-5-Quad BeadChips containing 4,301,331 single nucleotide polymorphisms. A genome-wide association analysis (GWAS) was carried out between high-risk and low-risk participants. The population study was split into training (60%) and testing (40%) datasets to assess the predictive accuracy of a genetic risk score (GRS) constructed by summing the number of risk alleles. Results: Following the n-3 PUFA supplementation, 32 participants had increased HOMA-IR as compared to initial values and were classified as high risk (23.2%), whereas remaining subjects were classified as low risk (n = 106, 76.8%). A total of 8 loci had frequency differences between high-risk and lowrisk participants at a suggestive GWAS association threshold (p value < 1 × 10 -5 ). After applying 10-fold cross validation, the GRS showed a significant association with the risk of increased HOMA-IR in the testing dataset (OR = 3.16 [95% CI, 1.85-7.14]), with a predictive accuracy of 0.85, and explained 40% of variation in HOMA-IR change. Conclusions: These results suggest that the genetic background has a relevant role in the interindividual variability observed in the insulin sen-
Introduction
The human metabolism has been subjected to evolutionary pressures by the dietary environment, which have progressively shaped its genetic architecture, leading to variable frequencies of some genetic variants in metabolic genes [1] [2] [3] [4] [5] [6] [7] . The genetic background may to some extent explain both the maladaptation to the modern Western diet, leading to metabolic diseases and to the heterogeneous response to different nutrients, including long-chain omega-3 polyunsaturated fatty acids (n-3 PUFA) [4, 8] .
Glycemic control is a key feature of metabolic homeostasis, which depends on insulin sensitivity to maintain a healthy state [9] . Given that, both dyslipidemia and altered glycemic control are major risk factor for cardiovascular diseases, there is a need to identify therapeutic strategies to restore metabolic homeostasis. In that respect, nutritional interventions premised upon specific nutrients or bioactive compounds are emerging as tangible strategies, although questions remain surrounding their interaction with the genetic background [10] . This is the case for n-3 PUFA, whose effectiveness in treating and preventing several features of the metabolic syndrome, mostly relying on their anti-inflammatory and hypolipidemic actions, has been extensively reported [11] [12] [13] [14] . Importantly, previous studies have also shown that part of the large heterogeneity observed in the response to an n-3 PUFA supplementation depends on the genetic background [15] [16] [17] . Although beneficial effects of n-3 PUFA on cardiovascular health depend on several reported actions not necessarily involving a triglyceride (TG)-lowering effect [18] , part of the heterogeneity observed in the response to n-3 PUFA has been attributed to a highly variable plasma TG response, that can now be predicted using genetic risk scores (GRS) [3, 16, 19] . Similarly, heterogeneous effects of n-3 PUFA on insulin sensitivity and glucose homeostasis across different cohorts have also been reported [3, 20, 21] .
Genetic determinants of such interindividual variability in the metabolic response to n-3 PUFA supplementation should be accounted for within a perspective of per-sonalized or gene-based nutrition [10, 14] . In this regard, unlike vigorous research concerning the genetic features involved in the variability of lipid homeostasis, studies that evaluate the relationship between n-3 PUFA supplementation and the associated glycemic response with regard to the interindividual genetic variability are still very scarce [21] . The aim of the present study was to determine the relevance of the genetic background in the interindividual variability of the insulin sensitivity response following an n-3 PUFA supplementation.
Materials and Methods

Subjects and Study Design
This work is based on the Fatty Acid Sensor (FAS) Study, a sample of volunteers recruited in the Quebec City metropolitan area (registered at ClinicalTrials.gov as NCT01343342). Briefly, 254 subjects with a body mass index (BMI) ranging from 25 to 40 kg/m 2 were recruited in order to examine the plasma TG response to a 6-week n-3 PUFA supplementation. A detailed description of the methodology of the FAS Study, including screening, recruitment procedures, laboratory methods, and statistical analysis, has been reported elsewhere [16] . From the 254 participants, 210 completed the 6-week n-3 PUFA supplementation with 5 g/day of fish oil (providing 1.9-2.2 g of eicosapentaenoic acid [EPA] + 1.1 g of docosahexaenoic acid [DHA]). Besides, in order to illustrate the heterogeneous insulin sensitivity response to an n-3 PUFA supplementation, participants from the ComparED Study [22] were herein used for comparison purposes. The ComparED Study is a double-blind, randomized, controlled, crossover design with three 10-week treatment arms, where 154 participants received 2.7 g of: (1) EPA, (2) DHA, and (3) corn oil (placebo). The FAS Study and the ComparED Study both recruited healthy subjects from the greater Quebec City metropolitan area using the clinical setting of the Institute of Nutrition and Functional Foods (INAF) of Laval University; consequently, we can assume that there are no major differences in ethnicity, genetics, diet, and lifestyle habits. Moreover, biochemical data have been measured for both studies in the clinical biochemistry laboratory of the Laval University Hospital Research Center (CHUL-CHUQ) using the exact same methods. The fatty acid content change in erythrocyte phospholipids after the n-3 PUFA supplementation in the FAS Study and the Com-parED Study has been previously reported [22, 23] .
Patient Stratification
Previously, the 210 participants who completed the FAS Study were stratified into TG responders and nonresponders [16] . Subjects showing no reduction, or an increase, in plasma TG levels between pre-and post-supplementation were defined as nonresponders, whereas those showing a decrease in plasma TG levels (ΔTG ≥0.01 mM) were defined as responders. From the total of 210 participants, 141 showed a TG response higher than a threshold based on the technical error of measurement (TEM) [24] and were classified as extreme TG responders [25] . From these, 138 participants with available pre-and post-supplementation plasma glucose and insulin levels were stratified according DOI: 10.1159/000504022 to insulin resistance status and included for further analyses in the present study. Insulin resistance was estimated before and after the n-3 PUFA supplementation by the homeostatic model assessment (HOMA-IR). High-risk and low-risk participants were defined according to the HOMA-IR change between preand post-supplementation states. For each subject, two HOMA-IR measurements from screening and pre-supplementation visits were used to determine the TEM: a threshold value ensuring an accurate distinction between HOMA-IR variations due to n-3 PUFA supplementation and those due to intraindividual variability [24] . Participants were further classified as high-risk when they exhibited an HOMA-IR variation above the TEM threshold and low-risk when HOMA-IR variation was within or below the TEM range in response to the n-3 PUFA supplementation. The calculation of TEM in the ComparED Study was performed by using pre-and post-supplementation HOMA-IR values in the placebo arm.
Single Nucleotide Polymorphism Genotyping and Quality Control
Illumina HumanOmni-5-Quad BeadChip ® (Illumina Inc., San Diego, CA, USA) were used to genotype 4,301,331 single nucleotide polymorphisms (SNPs) at the genome-wide level in the 138 individuals. Genotyping arrays were processed at the McGill University/Génome Québec Innovation Center (Montreal, QC, Canada) according to manufacturer's recommendations. Quality control procedures were applied: minor allele frequency > 1%, deviations from Hardy-Weinberg equilibrium (p value < 1.87 × 10 −8 ), call rate (> 95%), and gender mismatch were verified based on genotyping data. Monoallelic SNPs were also removed leading to the exclusion of 1,632,526 SNPs. In this manner, a total of 2,668,805 SNPs were available for statistical analyses.
Genetic Risk Score
Allele frequencies were compared between high-risk and lowrisk participants using PLINK (https://www.cog-genomics.org/ plink2) [26] . The ratio between high-risk participants having a specific allelic variant and low-risk participants having the same allele was determined. In addition, a p value was calculated using a χ 2 test in order to define the statistical significance of the odds ratio (OR) with 95% confidence intervals (95% CI). The threshold for genome-wide significance was set at Bonferroni-adjusted p value < 1.87 × 10 -8 (0.05/2,668,805), and suggestive significance was defined as p value < 1 × 10 -5 , as previously proposed for the analysis of complex traits, where a number of SNPs are expected to contribute to the variance of the trait [27] . For each significant locus, lead SNPs were determined by the linkage disequilibrium (LD) clumping approach in PLINK (SNPs located less than 250 kb away from an index variant and LD r 2 > 0.8). The GRS was constructed according to the additive effects model. All the SNPs associated with an increase in HOMA-IR following the n-3 PUFA supplementation, i.e. with the minor allele being more represented in the high-risk group, were encoded as 0 when homozygous for major allele, 1 when heterozygous, and 2 when homozygous for minor allele. The SNPs associated with a decrease in HOMA-IR were assigned using the same coding but with a negative sign. A GRS was finally calculated for each study participant by summing the number of alleles of each risk SNP.
Statistical Analyses and Evaluation of GRS Performance
The predictive power of the GRS was assessed by binomial logistic regression. The R caret package was used to train, cross-validate, and test the model [28, 29] . The population study was split randomly in training (60%) and testing (40%) datasets, with a balanced ratio of high-risk and low-risk participants in each dataset. A 10-fold cross-validation was performed in the training dataset. Cross-validation consisted in partitioning the training dataset into 10 folds that were one at a time alternately omitted from the dataset before prediction test with the remaining units. The prediction procedure was computed for each training dataset composed of 9 of the units and repeated until every unit has been removed once. Errors observed within each partition were averaged to provide the overall cross-validation error. The final model with adjusted parameters obtained in the training dataset was further assessed in the testing dataset. The area under the receiver operating characteristic curve (AUC-ROC) was used to evaluate the predictive performance of the GRS. The accuracy, corresponding to the proportion of true results in a population (number of correct high-risk and low-risk assessments/total number of assessments), was also used to evaluate the degree of veracity of the GRS. The McFadden's pseudo R 2 was used to estimate the proportion of explained variation in the response (HOMA-IR variation) accounted for by the model (GRS). The McFadden's pseudo R 2 is computed as the ratio between the log-likelihood value for the model containing the predictors and the log-likelihood value for the intercept-only model [30] . All statistical analyses were performed in R [31] .
Results
n-3 PUFA Supplementation Led to Lowering of Insulin Sensitivity in 23% of Subjects
The heterogeneity in individual HOMA-IR variation following the n-3 PUFA supplementation is presented in Figure 1 . Following the n-3 PUFA supplementation, the HOMA-IR decreased or remained within the TEM range in 106 participants (low risk = 76.8%), whereas 32 subjects (high risk = 23.2%) demonstrated an increased HOMA-IR beyond the TEM threshold value (TEM = 0.66) ( Fig. 1a ). More precisely, high-risk subjects showed an average post-supplementation increase in HOMA-IR values of 57.2%. For comparison purposes, individual changes in HOMA-IR following an EPA or DHA supplementation from the ComparED Study [22] have been put into perspective. First, we found that the calculated TEM was on the same scale as in the FAS Study (TEM = 0.68). Second, the overall decrease in insulin sensitivity observed in the FAS Study (23.2%) was comparable to that observed in both DHA (18.9%) ( Fig. 1b ) and EPA (25.8%) ( Fig. 1c ) arms in the ComparED Study. The light thrown on this interindividual variability following n-3 PUFA supplementation led to the stratification of subjects according to their insulin sensitivity change.
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High-Risk Participants Showed Higher HOMA-IR following n-3 PUFA Supplementation No significant differences were found in the proportion of men and women between high-risk and low-risk groups ( Table 1) . Participants from the high-risk group were significantly younger than low-risk participants (28.8 ± 8.4 vs. 32.6 ± 8.8 years old; p value = 0.01). No significant differences were found in BMI or in pre-supplementation levels of fasting plasma glucose, insulin, or plasma TG between high-risk and low-risk groups. There was a slight but significant difference in the plasma TG change between high-risk and low-risk groups (-0.04 ± 0.34 vs. -0.27 ± 0.47 mmol/L, p value = 0.01). This is in line with the significantly higher proportion of high-risk subjects within the group of participants previously classified as TG nonresponders [16] , as compared to low-risk subjects (65.6 vs. 34.4%; p value = 0.003). Pre-supplementation HOMA-IR was similar in both high-risk and lowrisk groups, whereas post-supplementation HOMA-IR was significantly higher in high-risk participants (Table  1) , concordant with the stratification applied. Therefore, a significantly higher HOMA-IR change was observed in the high-risk group, as compared to the low-risk group (1.38 ± 0.82 vs. -0.26 ± 0.61, p value < 1 × 10 -15 ) following the n-3 PUFA supplementation (Table 1) .
GWAS Revealed Novel SNPs Associated with Increased Insulin Resistance following n-3 PUFA Supplementation
Results from the case/control association analysis between high-risk and low-risk groups showed that, after Bonferroni correction (p value < 1.87 × 10 -8 ), none of the SNPs analyzed was significantly associated with HOMA-IR change in response to the n-3 PUFA supplementation. Yet, a total of 16 SNPs distributed across eight loci located on chromosomes 1, 9, 12, 15, 17, and 22 were associated with HOMA-IR change at a suggestive genome-wide significance level (p value < 1 × 10 -5 ). After LD clumping, eight lead SNPs were identified and included in the construction of a GRS. Figure 2 highlights lead SNPs from . Participants with HOMA-IR change above the TEM threshold were classified as high risk, whereas participants with HOMA-IR change within or below the TEM range were classified as low risk. The percentage of high-risk participants is shown. Data are means ± standard deviations. Sex is presented as counts. p values stand for two-sided Student's t tests and χ 2 tests (sex). BMI, body mass index; TG, triglycerides. TG response (yes/ no) stands for the number of TG responders and non-responders, as previously described [23] . Pre and post stand for presupplementation and postsupplementation. loci having different frequencies between high-risk and low-risk participants at a suggestive genome-wide significance level (p value < 1 × 10 -5 ). Seven of these SNPs were associated with an increase in HOMA-IR following the n-3 PUFA supplementation, whereas a SNP located on chromosome 17 was associated with a decrease in HOMA-IR. The complete list of lead SNPs of each loci associated with HOMA-IR is available in Table 2 .
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The GRS Accurately Predicted Insulin Sensitivity Lowering following n-3 PUFA Supplementation Finally, the eight lead SNPs associated with HOMA-IR change were included in the construction of the GRS. The GRS was computed by summing the number of alleles of these eight SNPs in each participant and ranged from -2 to 10 ( Fig. 3a) . Increasing GRS values indicate that a subject carries more at-risk allelic variants (with the minor at-risk allele being more represented in the high-risk group) from the SNPs identified in the GWAS (Fig. 3a) . The predictive performance of the GRS was estimated after applying 10-fold cross-validation, resulting in an accuracy of 0.93 (95% CI, 0.85-0.97) in the training dataset, and 0.85 (95% CI, 0.73-0.93) in the testing dataset. The AUC-ROC also show a high predictive performance of the GRS in both the training (AUC-ROC = 0.97) and testing dataset (AUC-ROC = 0.90) (Fig. 3b ). More precisely, the sensitivity and specificity, i.e. the proportion of highrisk and low-risk participants correctly identified as such with the GRS, respectively, were higher in the training dataset (0.80 and 0.97, respectively), as compared to those found in the testing dataset (0.67 and 0.90, respectively). The association between the GRS and HOMA-IR change was tested by binomial logistic regression and was found to be significant in both the training (OR = 3.20 [95% CI, 2.02-6.58]; Fig. 3c ) and testing dataset (OR = 3.16 [95% CI, 1.85-7.14]; Fig. 3d ). The proportion of explained variation in HOMA-IR change was 0.69 in the training dataset (the subset of subjects used to fit the model), and 0.40 in the testing dataset (the subset of subjects used to evaluate the final model previously fit on the training dataset).
Discussion/Conclusion
The purpose of this study was to analyze the high interindividual variability observed in insulin sensitivity in response to an n-3 PUFA supplementation. The main finding is that participants being at high-risk of insulin sensitivity lowering following an n-3 PUFA supplementation may be identified using a genetic score approach.
First and foremost, HOMA-IR worsening was quite prevalent in both the FAS Study and the ComparED Study, emphasizing the deleterious effects of n-3 PUFA supplementation on insulin sensitivity in certain subjects, and the importance of identifying the origin of such metabolic deleterious effect. To this end, we compared wholegenome allele frequencies between subjects showing normal (low-risk) or impaired (high-risk) insulin sensitivity following an n-3 PUFA supplementation, and we identified eight suggestive genome-wide significant SNPs. This enabled us to construct a GRS in order to investigate whether its use could provide better information compared to individual SNPs. Evidence was provided that the GRS is predictive of increased HOMA-IR following the supplementation. The GRS had a significant association with the increased HOMA-IR even though only suggestive loci were identified by GWAS, pointing to a cumulative predictive power of the GRS over individual allelic variants. These results showed that genetic background may have a relevant role in the interindividual variability observed in the insulin sensitivity response following an n-3 PUFA supplementation.
As stated in the introduction, the cardioprotective effects of n-3 PUFA rely on pleiotropic pathways beyond a TG-lowering effect [18] , among which only glycemic control was investigated in the present study. The effects of n-3 PUFA on glucose homeostasis and insulin sensitivity are controversial. Despite the beneficial effects observed in animal models [32] [33] [34] [35] , findings from human trials remain inconsistent. Indeed, a small number of studies reported either beneficial [36, 37] or deleterious effects [38, 39] , while the majority yielded in- conclusive results [40] [41] [42] [43] [44] . This heterogeneity is supported by the interindividual variability observed in HOMA-IR response within the FAS Study, along with the heterogeneity demonstrated in the ComparED Study [22] . Consequently, given the inconsistency of previous studies, and in light of our findings, genetic background seems to be relevant in explaining the heterogeneity observed among studies and subjects. The discrepancies observed in the studies conducted in different ethnicities provide partial support for this assumption. Hence, in terms of insulin sensitivity, such studies pointed out that some populations seem to benefit more than others from a diet rich in n-3 PUFA [37, 45] . Furthermore, geographical differences in the frequency of SNPs related to key genes of n-3 PUFA metabolism have clearly been established, as demonstrated for the gene repertoire of FADS and ELOVL [4] [5] [6] [7] 46] , involved in n-3 PUFA desaturation and elongation pathways, respectively. Allelic variants of the FADS gene cluster have been associated with multiple risk factors; including inflammatory phenotypes, blood lipid levels, and notably insulin resistance [25, 47] . As a matter of fact, genes of n-3 PUFA metabolism, such as FADS genes, are linked to metabolic and immune homeostasis, and had therefore been subjected and shaped by selective pressures conducted by the dietary environment. This has led to a genetic variability reflected by highly variable n-3 PUFA dietary needs, and so metabolic responses to n-3 PUFA [2, 48] . Hence, this genetic heterogeneity among human beings seems to be evident when comparing populations which have been subjected to the founder effect, exposed to a homogeneous dietary environment and isolated. Though, it is present all over the world, but less palpable owing to migrations, interbreeding, and inconstant dietary exposure, forming this genetic interindividual variability which entails this heterogeneity in metabolic responses to n-3 PUFA. The present results show that the genetic background explains part of the heterogeneity observed in the insulin sensitivity response following an n-3 PUFA supplementation, as previously shown for the plasma TG response [16, 17] . Thus, even though clinical studies have consistently shown a mean TG reduction following an n-3 PUFA supplementation, a substantial interindividual variability has also been noticed [22] , which has been attributed, in part, to genetic background [17] . Conversely, although mean outcomes have been inconsistent regarding insulin sensitivity, the interindividual variability in the response to n-3 PUFA persists. Consequently, in the present study, while n-3 PUFA supplementation did not result in insulin sensitivity lowering for most of the participants, 23% of them exhibited a significant increase in HOMA-IR levels. Current lines of evidence are insufficient to promote n-3 PUFA supplementation for the purpose of improving and/or safeguarding insulin sensitivity [12, 13, 49, 50] . In so doing, the results of the present study suggest that an n-3 PUFA supplementation may have, in some subjects, a deleterious impact on insulin sensitivity, and this is attributable, at least in part, to genetic background.
Previous GWAS have revealed a number of susceptibility variants for different traits and diseases, but of which over 90% are noncoding and can therefore not be readily assigned to an underlying biological function [8, 51, 52] . Moreover, mechanisms of blood glucose homeostasis are based on multiple genetic variants modulating various parameters, such as insulin secretion, clearance and sensitivity, as well as glucose conversion efficiency, with which n-3 PUFA appear to interact [21, 53, 54] .
Several SNPs located within the FADS gene cluster have been found to be associated with HOMA-IR, evidencing the link between n-3 PUFA intake, genes coding for key enzymes of n-3 PUFA metabolism and glucose homeostasis control [21, 47] . Taken together, and given that n-3 PUFA action is wide-ranging, dose-dependent, involving complex mechanisms, and interacting with dietary exposure, the metabolic pathways involved in glycemic control underlying the genetic variability herein observed remain elusive. Notwithstanding that GWAS findings reveal statistical associations but do not establish causation among the loci identified in the present study, polymorphisms within RPH3AL may play a role in modulating the insulin sensitivity response to n-3 PUFA. Indeed, Noc2, which is encoded by the RPH3AL gene, is essential to insulin exocytosis from pancreatic β-cells through its interaction with Rab-27A [55] . Moreover, the RAB27A gene, which codes for the Rab-27A protein, has been found to be upregulated following a 6-month n-3 PUFA supplementation (1.7 g of DHA and 0.6 g EPA) [56] . In any case, results of GWAS study do not constitute evidence of causality, but provide food for thought and guidance for further evaluation.
Risk SNPs involved in insulin sensitivity lowering generally derive from GWAS targeting allelic variants whose frequencies are statistically associated with diabetes [57] [58] [59] . With that said, the discovery of over 150 SNPs involved in the pathogenesis of type 2 diabetes [58-DOI: 10.1159/000504022 60] has led to the summation of numerous risk SNPs in GRS computation. In this way, several GRS have proved to be suitable tools in anticipating glucose homeostasis dysregulation and a decrease in insulin sensitivity, but irrespective of the plasticity of responses to environmental, and notably dietary exposure [61, 62] . Genes operate in networks rather than individually, and code for proteins involved in molecular and cellular mechanisms rather than for disease or dysfunction. This assumption provided direction to this project, employing GWAS methodology as a tool for the understanding of the adaptive glucose response to an environmental variation (n-3 PUFA supplementation), and building a GRS to increase the predictive power of individual allelic variants [14] . This is in line with the approach to personalize the implementation of nutritional interventions for complex traits and diseases, such as glucose homeostasis dysregulation and diabetes, according to genetic background [10] . Herein, the GRS of the present study was able to explain 40% of the variation in HOMA-IR change in response to an n-3 PUFA supplementation in the testing dataset, leaving a nonnegligible proportion of this variation unexplained, presumably due to multiple factors falling within the environment, genetic, epigenetic, or metagenomic signatures. By comparison, a previous GRS built in the FAS cohort by summing the number of risk alleles from GWAS hits was able to explain 21.5% of the variation in the TG response to an n-3 PUFA supplementation [16] . Thereafter, this GRS was refined by means of dense genotyping and genotype imputation, increasing the density of markers up to 31 SNPs, thus enhancing its predictive capacity and allowing to explain 49.7% of the variation in the TG response [19] . Interestingly, our findings also revealed a significantly higher proportion of high-risk participants within the group of TG nonresponders. In this respect, individuals combining both these deleterious features would appear to be likely to derive more harm than benefit from an n-3 PUFA supplementation, conversely to those TG responders showing low-risk features in terms of insulin sensitivity. A proper identification and stratification of such individuals thus represent a strategic approach towards improving personalized nutrition programs.
Some methodological considerations are relevant to mention in order to ensure a proper interpretation of the current findings. First, the use of TEM to classify participants into high-risk and low-risk groups constitutes a major strength of the present study, due to the increased reliability in the identification of actual atrisk participants [24] . The absence of an independent validation cohort has been addressed adequately by using cross-validation and by splitting the entire cohort into training and testing datasets, to appropriately fit and evaluate the model, respectively. However, it is worth highlighting that the difference observed in the explained variation in HOMA-IR change between the training and the testing datasets may be due to some degree of model overfitting, probably caused by the need to use the training dataset for SNP discovery purposes [63] . The sample size of the cohort on which the study relies, as well as the significance level of the loci brought to light, may also constitute limitations. Further validation of the GRS in larger and heterogeneous cohorts is clearly needed. At last, this GRS based on a GWAS of French Canadians could potentially misestimate the risk if applied to other populations, especially of non-European descent.
This study demonstrates that individuals with increased risk of insulin sensitivity lowering following an n-3 PUFA supplementation have a different genetic signature than those presenting no risk. Nonetheless, to what extent n-3 PUFA are linked to glucose homeostasis control, and from what allelic variants, still needs to be fully understood and assessed by the scientific community. In this respect, this study brings out to light the utility of a GRS as a tool to evaluate the effects of an n-3 PUFA supplementation in individuals carrying genetic variants that may influence insulin sensitivity.
